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To evaluate ventricular performance and myocardial
contractility after surgical correction of congenital
coarctation of the aorta, we studied 25 patients (16 men
and 9 women, mean age 26.1 years [range 19 to 34]),
an average of 10.6 years (range 2 to 25) after repair.
Radionuclide ventriculography at rest and exercise and
digitized, quantitative two-dimensional echocardiog-
raphy were performed. Data from derived, high reso-
lution time-activity curves by radionuclide ventriculog-
raphy, combined with noninvasive hemodynamic/ven-
tricular volume data, were compared with values in an
age- and sex-matched normal population.
Despite essentially identical baseline and exercise
hemodynamics, postoperative coarctation subjects dem-
onstrated enhanced ventricular contraction, as deter-
mined by the peak ejection rate at rest (- 3.79 versus
- 3.20 stroke volume/s, p < 0.01) and exercise (- 3.00
versus - 2.90 stroke volume/s, p = NS), and overall
ejection fraction at rest (56.4 versus 48.0%, p < 0.01)
and exercise (70.8 versus 59.3%, p < 0.01). An intrinsic
The normalization of ventricular wall stress by compensa-
tory myocyte hypertrophy enables the maintenance of car-
diac ejection during chronic, acquired pressure overload
(1-3). The recent recognition of supranorma1 ventricular
performance in congenital outflow tract obstruction, in-
cluding aortic valve stensois (4), suggests that the response
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activation-contraction delay was observed, as illustrated
by a prolonged time to peak ejection rate at rest (27.7
versus 21.5% of the RR interval, p < 0.01) and exercise
(28.4 versus 21.2% of the RR interval, p < 0.01), and
total systolic time at rest (50.2 versus 43.4% of the RR
interval, p < 0.01) and exercise (56.8 versus 50.4% of
the RR interval, p < 0.01). Although left ventricular
meridinal wall stress was statistically indistinguishable
(62 versus 74 mm Hg/mm", p = NS), intrinsic myo-
cardial contractility, as assessed by the peak systolic
pressure/volume ratio, was increased in the postopera-
tive coarctation group (1.88 versus 2.87 mm Hglml,
p < 0.01).
These data confirm the presence of enhanced ven-
tricular performance and myocardial contractility after
remote coarctation repair and suggest the persistence of
adaptive mechanisms originally necessary to maintain
cardiac compensation in the early postnatal period.
(J Am Coli Cardiol 1986;8:172-8)
to a congenital hemodynamic burden may be basically dif-
ferent. This phenomenon may depend on fundamental al-
terations in contractile organization and the preservation of
the capability of myocyte hyperplasia in the prenatal and
early extrauterine period (5- 9).
Because most attention has focused on preoperative over-
compensation (10,11) , little information is available re-
garding the long-term fate of these adaptive mechanisms.
In addition , although preoperative intrinsic myocardial con-
tractility is variably described (12-17), postoperati ve in-
dexes , independent of cardiac loading conditions, are in-
sufficiently documented (18).
To determine whether a fundamental alteration in ven-
tricular performance and myocardial contractility exists after
surgical correction of congenital cardiac pressure overload,
we studied 25 asymptomatic adult patients who had under-
gone remote coarctation repair with quantitative rest and
exercise radionuclide ventriculography and computer-as-
sisted two-dimensional echocardiography.
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Methods
Study patients. The postoperative coarctation group
consisted of 25 subjects (16 male, 9 female) undergoing
routine clinical evaluation in the Congenital Heart Clinic at
the Toronto General Hospital. Their mean age was 26.1
years (range 18 to 41), and they had undergone operative
correction a mean of 10.6 years (range 2 to 25) before the
study. A variety of operative techniques were utilized, re-
flecting evolutionary changes in surgical experience. Four
patients had aortic interposition grafting, 6 had synthetic
patch aortoplasty, 5 had end to end anastomosis and 10
underwent subclavian flap aortoplasty. Preoperative hemo-
dynamic data, including arterial pressure and transcoarc-
tation gradient, were obtained by medical record review.
Eighteen patients (72%) had undergone preoperative cardiac
catheterization with measurement of transcoarctation gra-
dient; however, in seven subjects the coarctation was sur-
gically corrected on the basis of clinical presentation alone.
All subjects were clinically evaluated by a single observer,
with determination of residual gradient by sphygmomanom-
eter-derived upper and lower limb systolic arterial pressure
differentials. Successful operative correction, without sig-
nificant obstruction, was defined as a residual gradient of
less than 15 mm Hg.
Normal study groups were separately recruited for each
phase of the protocol (radionuclide ventriculography and
two-dimensional echocardiography). All normal subjects
underwent clinical examination and 12 lead electrocardi-
ography at rest and demonstrated normal echocardiograms
or exercise stress tests, respectively. The radionuclide an-
giogram control group of 25 subjects with a mean age of
33.8 years (range 22 to 51) included 17 men and 8 women.
The echocardiography control group was based on a sample
of 18 subjects, with a mean age of 27.2 years (range 18 to
44) and included II men and 7 women.
Exclusion criteria included associated congenital heart
disease, inability to perform supine ergometer studies, sig-
nificant residual hemodynamic abnormalities, mental retar-
dation or absence of informed consent. The study was per-
formed in accordance with the directives of the Helsinki
Agreement (19) and informed consent was obtained before
its initiation.
Radionuclide ventriculography. All studies were per-
formed in the fasting state with medications, including beta-
adrenoceptor antagonists, discontinued 24 hours before
evaluation. Subjects assumed a supine exercise position while
their basal heart rate and systolic/diastolic blood pressure
were determined and a 12 lead electrocardiogram at rest
was recorded. After standard "in vivo" red blood cell la-
beling with 20 mCi of technetium-99m, a rest radionuclide
ventriculogram was acquired with a general purpose parallel
hole collimator and an Ohio Nuclear Sigma-420 scintillation
camera interfaced to a Medical Data Systems (MDS A2)
computer. Data were acquired in the left anterior oblique
projection (40 to 50°) which provided optimal septal defi-
nition and ventricular separation for subsequent analysis.
After completion of the rest study, subjects underwent a
staged supine exercise protocol to exhaustion, with acqui-
sition of scintigraphic images after hemodynamic stabili-
zation at each stage. Imaging data were preprocessed with
a standard spatialltemporal filter and transferred to an ADAC
computer system for automatic quantitative ventricular func-
tion analysis.
Dosimetry. Because all participants were ambulatory,
the radioisotope dosage of 20 mCi170 kg body weight of
technetium-99m delivered whole body radiation equivalent
to 0.22 rad, with the large bowel and bladder receiving total
dosages of 2.24 and 1.68 rads, respectively.
Quantitative analysis of radionuclide ventriculograms.
Radionuclide angiographic data, consisting of 16 im-
ages/cardiac cycle, on a 128 X 128 pixel matrix, were
processed utilizing the Stanford Automatic Left Ventricular
Function Analysis Program (20,21). This program generates
a ventricular region of interest by an edge detection algo-
rithm based on a one-dimensional laplacian filter, applied
to the end-diastolic images in four directions (vertical, hor-
izontal and diagonal vectors). The left ventricular center of
gravity was determined by analysis of the corresponding
phase image. After interpolative background subtraction, a
standard left ventricular time/activity curve was created.
Fourier analysis of this curve was performed and the four
lowest harmonics were retained to produce a high temporal
resolution left ventricular time-activity function. Further
analysis of the resultant time-activity curve allowed cal-
culation of ejection fraction, peak ejection and filling rates
and variables describing the relative timing of these events
within the cardiac cycle.
Two-dimensional echocardiogram. The two-dimen-
sional echocardiographic data were acquired utilizing a
Hewlett-Packard 77020A U1trasonoscope with a transducer
frequency of 2.5/3.5 MHz. Parasternal long- and short-axis
and apical long-axis and four chamber views were obtained.
An attempt was made in all subjects to directly assess the
coarctation repair site by ultrasonography, using a supra-
sternal transducer position. Morphologic evaluation of val-
vular structures was performed during the standard echo-
cardiogram, and pulsed Doppler assessment of aortic and
mitral valve function was obtained by using an ATL Mark
600 system utilizing a standard "five chamber" view.
Echocardiographic analysis. Ultrasonographic analysis
relied on an operator-defined endocardial border, with peak
systolic pressure estimated by upper limb sphygmomano-
metry at the time of examination. Left ventricular end-di-
astolic, end-systolic and posterior wall dimensions were
visually obtained from M-mode recordings or, if M-mode
recordings were unsatisfactory (by American Society of Echo-
cardiography criteria), they were obtained directly from the
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two-dimensional images using an electronic caliper system
(22). Absolute ventricular volumes were calculated by re-
production of end-systolic and end-diastolic images on a
calibrated magnetic graphics tablet interfaced to a micro-
processor (Kontron Cardio 80). The apical long axis (lon-
gitudinal dimensions) and the parasternal short axis, just
below the mitral valve leaflet tips, were used in conjunction
with a modified Simpson's rule for absolute volume deter-
mination. Left ventricular walI stress (WS), at the meridian,
was estimated by the dimensions of the short-axis plane and
the systolic arterial pressure utilizing the formula (23):
ws = p x D/4 h (I + hID),
where P = systolic pressure, D = left ventricular diameter
and h = wall thickness.
Statistical analysis. The postoperative coarctation sub-
jects were compared with the age-matched control groups.
Parametric statistics, with mean values and accompanying
standard deviations are described, with comparison between
subject groups by unpaired t tests. A probability value of
less than 0.05 was considered a significant difference.
Results
Clinical evaluation. All patients were asymptomatic,
with only two postoperative coarctation patients receiving
beta-adrenoceptor antagonists for persistent hypertension.
These medications were discontinued a minimum of 24 hours
before evaluation. A left posterolateral thoracotomy was
performed during the original surgical procedure in all pa-
tients, with significant residual gradients demonstrated in
six subjects. Auscultation revealed an early systolic ejection
click in the majority of postoperative subjects (20 of 25),
but no aortic ejection murmurs in excess of grade 2/6 were
detected.
Ultrasound examination suggested or confirmed a bi-
cuspid aortic valve configuration in 18 patients. No mitral
valve abnormalities were seen, although minimal aortic in-
sufficiency was noted (anterior mitral leaflet fluttering) in
four cases. Doppler ultrasound criteria confirmed the val-
vular abnormality to be hemodynamically trivial in all in-
stances. Direct evaluation of the coarctation site by the
suprasternal approach was successful in less than 50% of
cases. No additional data were derived from this technique
because the reliability of gradient estimation was not pre-
viously validated with hemodynamic measurements in our
laboratory.
Hemodynamic data (Table 1). Heart rates at rest, as
compared with those in both the radionuclide angiographic
and echocardiographic normal groups, were similar to those
in the postoperative coarctation group. Although the systolic
arterial pressure in the echocardiographic control group was
marginally reduced relative to the postoperative coarctation
group (112.4 ± 6.1 versus 122.4 ± 17.1 mm Hg), and
the diastolic arterial pressure of both control groups was
minimally increased relative to that in the postoperative
coarctation subjects (78.6 ± 5.7 and 76.3 ± 6.6 versus
72.6 ± 6.4 mm Hg), the differences are considered clini-
cally indistinguishable. The exercise duration, maximal work
load and resultant peak exercise heart rate and systolic blood
pressure of the control group and postoperative coarctation
study group were also similar.
Quantitative radionuclide ventriculogram: rest data
(Table 2). These data demonstrate several important alter-
ations of the time-activity curve in the postoperative coarc-
tation group. First, the maximal rate of ventricular ejection
(peak ejection rate), normalized to stroke volume, was sig-
nificantly greater in the postoperative coarctation group.
Although rapid systolic ejection was present, as demon-
strated by the time to peak ejection rate expressed as a
Table 1. Hemodynamic Data (graded exercise stress test)
Normal Groups
RNA ECHO
Baseline (rest)
Coarctation
Group
Heart rate (beats/min)
Blood pressure (mm Hg)
Systolic
Diastolic
Heart rate (beats/min)
Blood pressure (mm Hg)
Systolic
Diastolic
73.0 ::': 13.6
126.9 ::': 12.9
78.6 ::': 5.7
Exercise
144.0 ::': 17.6
191.0 ::': 37.0
85.96::': 13.5
74.2 ::': 8.8
112.9 ± 6.1*
76.3 ± 6.6
76.9 ::': 8.8
122.4 ± 17.1
72.6 ± 6.4*
147.7 ::': 25.8
186.7 ± 27.4
81.3 ± 9.1
All data are expressed as mean ± SO. *Probability of <0.05 for control group versus normal (RNA or
ECHO). ECHO = echocardiography; RNA = radionuclide angiography.
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Table 2. Radionuclide Angiographic Quantitative Analysis
Normal
Group
Coarctation
Group
Statistical
Significance
Rest
Peak ejection rate (SV/s)
Time to peak ejection rate (%)'
Systolic time (%)'
Ejection fraction (%)
-3.2 ± 1.4
21.5 ± 2.6
43.4 ± 2.8
48.0 ± 8.3
3.8 ± 0.3
27.7 ± 6.7
50.2 ± 5.6
56.5 ± 8.4
0.001
0.001
0.001
0.001
Exercise
Peak ejection rate (SVIs)
Time to peak ejection rate (%)'
Systolic time (%)'
Ejection fraction ('Yo)
-2.9 ± 0.4
21.4 ± 2.9
50.4 ± 4.3
59.3 ± 10.5
-3.0 ± 0.6
28.4 ± 7.8
56.8 ± 4.6
70.8 ± 13.7
NS
0.001
0.001
0.01
All data are expressed as mean ± SO. 'Expressed as a percent of mean RR interval. NS = not significant:
SV/s = stroke volume/so
All values are expressed as mean ± SO. LV = left ventricular; NS
= nol significant.
similar between groups, although this value tended to be
slightly higher in the postoperative coarctation subjects (Fig.
2). Isolated end-systolic pressure/volume ratios (Sagawa in-
dex) (24-27) demonstrated an appreciable group difference,
indicating greater intrinsic contractile function in the post-
operative patients (Fig. 3).
Discussion
This study demonstrates the existence of fundamental
abnormalities in ventricular performance and intrinsic myo-
cardial contractility after surgical correction of congenital
coarctation of the aorta. The hemodynamic burden imposed
on the left ventricle early in embryologic development may
irreversibly alter myocardial structure, enabling persistent
"hypercontractility" to be unmasked in the postoperative
period.
Ventricular performance with increased afterload.
When exposed to excessive afterload, the myocardium nor-
Table 3. Echocardiographic Measurements
NS
NS
NS
NS
< 0.01
NS
p Value
Coarctation
Group
3.29 (± 0.64)
4.84 (± 0.60)
6.71(± 1.01)
7.91 (± 0.89)
1.50 (± 0.33)
0.95 (± 0.23)
Normal
Group
LV posterior wall thickness (em)
Systole 1.37 (± 0.22)
Diastole 0.84(± 0.18)
Long-axis dimension (em)
Systole 7.58(± 0.63)
Diastole 8.65 (± 0.83)
Short-axis dimension (ern)
Systole 3.17 (± 0.47)
Diastole 4.60 (± 0.49)
percent of mean RR interval, the activation/contraction se-
quence was significantly prolonged in comparison with that
of the control subjects. This initial contraction delay con-
tributes to the excessive duration of global ventricular ejec-
tion, as manifested by a prolonged total systolic time. In
addition, the ventricular ejection fraction was significantly
greater in the postoperative coarctation group. Systolic length.
the time between maximal ejection and maximal filling rates,
was significantly reduced with respect to the control values;
however, specific analysis of the individual components of
this interval was not feasible utilizing this technique. No
significant differences were found in the calculated (rate-
corrected) diastolic variables.
Quantitative radionucIide ventriculogram: exercise data
(Table 2). During maximal supine exercise. equilibration
of the peak ejection rate occurred, with persistence of the
intrinsic delay in activation/contraction sequence. as deter-
mined by time to peak ejection rate and total systolic time.
The global ejection fraction increased significantly in both
the patient and control groups but remained statistically
greater in the postoperative coarctation group.
Echocardiographic data (Table 3). Left ventricular
systolic and diastolic dimensions in the transverse plane. as
determined from the parasternal short-axis view. were not
significantly different. In the apical view. the long-axis di-
mension (midmitral anulus to apex endocardium) in systole
and diastole was reduced in the postoperative coarctation
group. These patients had a slightly increased posterior wall
thickness but the difference was not statistically significant.
Left ventricular volumes were calculated using a computer-
assisted biplane Simpson's algorithm. End-diastolic ven-
tricular volumes. although minimally reduced in the coarc-
tation subjects, were statistically indistinguishable (127
versus 112 ml, p = NS). End-systolic volumes were sig-
nificantly lower in the coarctation group (Fig. I). End-sys-
tolic meridional wall stress (force/cross-sectional area) was
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Figure I. Peak systolic ventricular volume data (individual and
group means).
malizes ventricular wall stress (force per unit cross-sectional
area) by a process of reactive myocyte hypertrophy (1-3) .
Grossman et al. (I) demonstrated that cardiac hypertrophy
induced by pressure overload allowed normalization of sys-
tolic stress and facilitated chronic cardiac compensation . In
a later publication, Gunther and Grossman (2) confirmed a
close correlation between circumferential wall stress and
indexes of ventricular performance, including ejection frac-
tion and velocity of fiber shortening, in patients with ac-
quired aortic valve stenosis . These investigators postulated
that poor systolic function may be related to inadequate
myocardial hypertrophy, as opposed to a fundamental
depression of intrinsic contractility . Several investigators
(10, II) have identified supranormal ventricular perform-
ance, in association with normal indexes of contractile func-
tion, in conditions of excessive cardiac afterload. Sasayama
et aI. (10) demonstrated increased radial shortening velocity
Figure 2. Peak systolic meridional wall stress data (individual
and group means).
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Figure 3. Peak systolic pressure/volume relation data (individual
and group means).
but normal force-velocity relations during acute and chronic
aortic constriction. The observations by Guazzi et al. (II)
of augmented stroke index-filling pressure curves, mean rate
of ejection and circumferential fiber shortening velocity in
chronic arterial hypertension supported previous data .
As opposed to acquired pressure overload, Donner et al.
(4) identified indexes of increased ventricular pump func-
tion, including ejection fraction and velocity of fiber short-
ening, in conjunction with a decrease in end-systolic volume
and left ventricular wall stress, in congenital aortic stenosis.
Enhanced ejection phase variables were associated with nor-
mal contractile function (end-systolic pressure-volume ra-
tio) , indicating relative "overcompensation" for the outflow
tract obstruction. Similar findings have recently been con-
firmed (28) in conjunction with congenitaljuxtaductal coarc-
tation of the aorta. These data suggest that factors other
than the normalization of ventricular wall stress may be
important in long-term adaptation to congenital pressure
overload.
Cardiac performance after correction of aortic coarc-
tation. Our data indicate that supranormal cardiac perform-
ance is present after remote operative correction of coarc-
tation of the aorta. As compared with an age-matched control
population at equivalent exercise levels, global left ventric-
ular ejection fraction (rest/exercise) and maximal ejection
velocity were accentuated . These observations support in-
formation previously published, including the studies men-
tioned in an abstract by Krayenbuehl et al. (18), demon-
strating improved ventricular ejection. as determined by
maximal velocity of shortening. in patients after relief of
left ventricular outflow tract obstruction. Closer inspection
of the time-activity curves, however, revealed an intrinsic
delay in the activationlcontraction sequence, as determined
by the time to peak ejection rate and total systolic time.
JACCVol. 8. No. I
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In a more recent study, Carpenter et al. (29) examined
the ventricular ejection phase using radionuc1ide angiog-
raphy in 32 patients after remote coarctation repair. These
investigators observed increased systolic function (hyper-
kinesia), as manifested by the ejection fraction (at rest and
exercise), peak ejection rate and residual end-systolic vol-
ume. A limited evaluation by two-dimensional echocardi-
ography noted persistent left ventricular hypertrophy (120
versus 87 g/rrr' ) which is a feature not confirmed by our
data. Although no specific information was presented, these
authors postulated residual enhancement of sympathetic tone
or altered left ventricular geometry to explain the observed
ventricular hyperkinesia.
Myocardial contractility with increased afterload. Al-
though the control of ventricular adaptation to pressure over-
load remains controversial, the question of intrinsic myo-
cardial contractility is even more troublesome. Newman and
Webb (12) demonstrated depressed force generating capac-
ity (per cross-sectional area) by constructing length-tension
curves and identified a reduced inotropic response during
acute aortic constriction . Other investigators (14-18) have
observed normal myocardial contractility, as assessed by
the end-systolic pressure/volume ratio, in compensated aor-
tic valve stenosis .
Discrepancies in observed contractile state during ex-
cessive ventricular afterload are potentially secondary to
quantification problems within the intact cardiovascular sys-
tem. In addition , contractility. in conditions of excessive
afterload, is dependent on numerous factors including the
severity of the hemodynamic stress, acute versus chronic
application of increased resistance to ventricular ejection
(acute injury phenomenon) and whether complete cardio-
vascular compensation can be maintained.
Our echocardiographic data confirm the existence of
functional abnormalities secondary to congenital coarctation
of the aorta. The observed end-systolic pressure/volume
ratio supports the presence of myocardial hypercontractility
(24-27), irrespective of cardiac loading conditions , and sug-
gests that the original adaptive mechanisms have remained
operational despite successful operative repair. If we assume
that reactive ventricular hypertrophy was present preoper-
atively, our data indicate successful resolution of this com-
pensatory process. Although this finding would support the
reversible nature of cardiac hypertrophy, the internal ge-
ometry of the left ventricle appears to be fundamentally
altered by the attainment of a more spherical configuration.
By creating conditions in which ventricular performance can
be optimized , these changes assist in the normalization of
systolic stress , despite the presence of mild systolic hyper-
tension.
Congenital adaptive processes. The assumption that
congenital pressure overload creates identical ventricular
responses , as compared with acquired hemodynamic stress,
may be erroneous (5-9). During early fetal development,
myocardial cytodifferentiation is independent of hemody-
namic factors, with cellular hyperplasia predominantly re-
sponsible for fetal cardiac growth (30). As demonstrated by
Rakusan et al. (7) , a significant percentage of myocytes
retain the capacity to replicate postpartum. After birth, the
differential ventricular growth rate is dependent on hemo-
dynamic factors related to the institution of parallel circu-
lations (pulmonary/systemic) and the involution-reduction
in pulmonary vascular resistance . This circumscribed period
is critical in patients with congenital coarctation of the aorta
because although pressure overload during intrauterine life
may be modest, the functional closure and regression of the
ductus arteriosus may create progressive aortic obstruction.
Dowell and McManus (8) demonstrated that experimental
aortic constriction in the early postnatal period stimulates
myocyte mitotic activity, with appropriate increases in car-
diac mass. Therefore, as summarized by Zak (9) , the cy-
tologic features of cardiac enlargement depend on the stage
of development in which the hemodynamic stimulus occurs.
It is tempting to postulate that the residual abnormalities
described result from the persistence of a cellular ultrastruc-
ture developed during the early neonatal period, with in-
complete resolution of this adaptive process after operative
repair .
Conclusions. We have demonstrated that relative ven-
tricular overcompensation exists in patients after coarctation
repair . This supranormal cardiac performance is associated
with a primary delay in the activation/contraction sequence,
but with intrinsic myocardial hypercontractility. In addition,
conformational alterations are present, creating optimal ven-
tricular geometry for the maintenance of ejection against
excessive afterload . These abnormalities may result from
primary changes in the cardiac ultrastructure induced during
the imposition of congenital pressure overload, with residual
characteristics suggesting incomplete resolution after sur-
gical correction.
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